This work investigates the mechanisms by which Sn and Ru can improve or inhibit the site-specific catalytic activity of Pt (neighboring or distant from foreign atoms) at bimetallic surfaces. For this purpose, we decorated Pt stepped surfaces (non-equivalent sites) by site-selective electrodeposition of different coverages of either Sn or Ru on (110) Pt steps, forming Snsteps/Pt(hkl) and Rusteps/Pt(hkl) bimetallic surfaces, and we used CO adlayer electro-oxidation as a surface probe reaction, monitored by in situ FTIR and cyclic voltammetry techniques. The results showed that both Sn and Ru selectively accelerated the reaction pathway of CO electro-oxidation only at the (111) Pt terrace sites, but importantly played different underlying roles in favoring activity at these active sites.
Introduction
In heterogeneous (electro)catalysis, successful tailoring of the catalytic performance of solid catalysts can be achieved based on synergistic effects created when a host catalyst material is modified by the addition of a foreign catalyst component. [1] [2] [3] When a mother (or host) catalyst is modified, this can result in greater catalytic activity (towards a specific reaction), as well as higher selectivity and improved stability, compared to the original material alone. 4 In this regard, well-characterized Pt provides a good model surface for fundamental electrocatalytic studies. This surface can be modified by depositing a layer (or sub-layer) of foreign catalyst components (such as Sn or Ru) 5 , in order to tailor its catalytic performance as an anode in the oxidation of hydrogen (and alcohol) in low temperature fuel cells. In fact, Pt-Sn and Pt-Ru are state-of-the-art catalysts that offer greatly improved efficiency and prevention against the poisoning action of CO, which when present in even small amounts (ppm) can drastically decrease the kinetics of oxidation of hydrogen gas. 6, 7 However, the engineering involved in the modification of a solid catalyst surface in order to tune its catalytic performance is not trivial. The main reason is the highly complex nature of a solid catalyst surface, as revealed by the diversity of active sites with different chemical environments, which is intrinsic to the catalyst surface. 8 The alteration of a Pt surface possessing non-equivalent active sites by the deposition of a layer of a foreign catalyst component (such as Sn or Ru) implies rebalancing, in terms of both magnitude and behavior, of the catalytic performance of different active sites at the Pt surface. This is an elegant problem in heterogeneous electro(catalysis), considering the ways that the catalytic performance of different Pt surface sites can be tailored by the presence of foreign catalyst components.
One of the most important tasks in heterogeneous (electro)catalysis research is to understand the origin of the dependence of the rate of reaction upon the catalyst surface structure, which includes the arrangement of atoms at the surface (and subsurface) and the chemical composition. 8 The catalytic benefits towards CO (electro)oxidation of the addition of either Sn or Ru to Pt have generally been interpreted in terms of (i) ligand/electronic effects, [9] [10] [11] (ii) strain effects, 12 and (iii) the so-called bifunctional mechanism. [13] [14] [15] [16] In the case of ligand/electronic effects, the electronic state of the d band of Pt is modified by the foreign metal, which can affect the energies of catalyst-adsorbate interactions. 17, 18 The electronic effect in heterogeneous (electro)catalysis can be understood as a condition in which modifying atoms form a subsurface (or near-surface) alloy, 19 where there is no direct contact between the heteroatoms and the species involved in any step of the catalyzed reaction occurring at the catalyst surface. Similarly, on a perfect Pt-based core-shell structure, all the steps of the catalyzed reaction occur only at the Pt domains, despite the predominance of a surface lattice strain effect in this case. 20, 21 There is another situation in which foreign catalyst components, even when located at the catalyst surface, may not directly catalyze any of the steps of the overall reaction pathway, while their presence at the surface may influence steps of the catalyzed reaction occurring distant from them at the surface. 9 In the case of the strain effect, the presence of a foreign catalyst component results in the search for a new lattice position, due to the effect on the average metal-metal bond length. 22 However, in the case of the electro-oxidation of CO, it is not clear why one strained catalyst material may be beneficial for the reaction, while another has a deleterious effect. 21, 23 In the bifunctional mechanism, 13, 14, [24] [25] [26] the main concept is that sites at the second catalyst component, adjacent to the host metal sites, act cooperatively with the latter, coupling their different functions for elementary steps of a catalyzed reaction, which may (but not necessarily) converge towards the same overall reaction pathway on the catalyst surface. In the case of CO electro-oxidation, it is claimed that those sites at Pt domains are responsible for the adsorption of CO, while foreign components, which have more pronounced oxophilic character than the Pt sites, are responsible for the water activation (dissociation) step -H2O + Yα-active site ⇄ Yα-(OH) + H + + e --at a lower threshold potential than at Pt sites. According to the bifunctional mechanism, it is claimed that the metallic Pt-based interphase contains the most active sites for conversion of CO to CO2 at lowest overpotentials, [26] [27] [28] [29] while Pt sites distant from the foreign component have lower catalytic activity. [28] [29] [30] Moreover, if Pt sites are distant from foreign catalyst components, the action of the bifunctional mechanism requires that in CO stripping experiments, the COads reactants on bimetallic surfaces must diffuse from Pt sites (domains such as Pt islands) to intermetallic Pt-based interfaces. In this case, it is generally claimed that adsorbed CO is a mobile species on the catalyst surface, 31 which is a hypothesis that can be tested by means of CO stripping experiments. An additional issue in the case of the bifunctional mechanism concerns the capacity for nucleation of oxygen-containing species on a highly oxophilic foreign catalyst component, although this does not seem to be a sufficient prerequisite for catalytic promotion, because the electro-oxidation of CO has not been found to be improved on CeO2-modified Pt electrodes. 32 Moreover, it is commonly believed that catalytic promotion involves all these effects acting together to greater or lesser extents, 33 which in principle provides an overall improvement in the catalytic activity of active sites at a bimetallic surface as a whole, although this issue still requires further elucidation.
Investigation of the CO electro-oxidation reaction in acid solution using Pt-Ru alloys of different compositions showed highest activity for a 1:1 ratio of Ru and Pt, 34, 35 suggesting that catalytic activity was maximized according to the number of pairs of Pt and Ru sites at the catalyst surface. However, Gasteiger et al. 34 and Lin et al. 35 reported voltammetric profiles tailing towards high potentials, indicating that a portion of the CO layer had continued to be electro-oxidized at potentials above ~0.6 VRHE, similar to the potential at which electro-oxidation at Pt occurred. Similarly, data presented by Hayden et al. 36 for CO electro-oxidation at a Pt-Sn alloy also showed that the onset potential for reaction was significantly lowered (compared to Pt), while a significant portion of COads was only oxidized at potentials similar to Pt, as also observed by Massong et al. 37 for a Sn-modified Pt(332) and Rizo et al. 38 for a Sn-modified Pt(111) electrodes. For all the catalysts above (bimetallic Pt-Sn and Pt-Ru), the improvement in electrocatalysis of CO oxidation was interpreted in terms of a prevalent bifunctional mechanism. 34, 36, 38 Stamenković et al. 39 used a Pt(111)/Sn(2×2) alloy surface with θSn = 0.25 and proposed that high activity at low potentials (~0.2 VRHE) was probably related to the existence of weakly adsorbed CO adjacent to OHads-covered Sn atoms, with this COads being oxidized first on the surface (irrespective of whether COads was present at either step or terrace sites). The Sn and Ru in bulk structures present significant chemical differences in terms of their affinity to bind with CO, which is negligible in the case of Sn, 37,40 while CO can strongly adsorb on bulk Ru. 9 However, it is evident that water can adsorb on both Sn and Ru. Based on these similarities and differences, it has been suggested that it is only on a Pt-Sn surface that CO electro-oxidation proceeds according to a "pure" bifunctional mechanism. 24 The mechanisms by which Sn and Ru alter the catalytic properties of Pt have been associated with different states of adsorbed CO on Pt-Sn and Pt-Ru alloys. 40 Actually, the mechanisms involved in the catalytic improvement of Pt by Sn or Ru towards the CO electro-oxidation reaction are more complex than currently believed. In this sense, it is necessary to improve understanding of the causes of high catalytic activity of such Pt-based catalysts and the way that the foreign catalyst component affects the catalytic activity of Pt sites. This can be achieved by depositing a sub-layer of a foreign catalyst component at selected sites of a Pt stepped surface, followed by investigation of the catalytic properties of this type of catalyst surface. In our earlier work, an investigation was made of the mechanism by which Ru adjusted the catalytic activities of Pt terrace and low-coordinated sites, 41 with the results indicating that the reasons for improved catalytic activity of the Pt-based catalysis were more complex than previously believed.
The aim of the present study was to improve understanding of the nature and properties of the active sites involved in CO electro-oxidation at highly active Pt-based catalysts. Investigation was made of the synergism between different Pt and foreign metal (Sn or Ru) sites at Snsteps/Pt(hkl) and Rusteps/Pt(hkl) hetero-bimetallic surfaces.
Additionally, comparison was made of the roles played by Sn and Ru in site-specific synergistic effects with Pt. The approach used to elucidate these systems employed cyclic voltammetry and in situ FTIR techniques.
Experimental Section
Two bead-type well-oriented stepped Pt single crystals were employed as working electrodes, having Pt(554) and Pt(332) Miller indices and oriented areas of ~4.7 and ~4.3 mm 2 , respectively. These oriented surfaces were characterized by (111) terraces of n atoms width (9 and 5 for Pt(554) and Pt(332), respectively), periodically interrupted by monoatomic steps with (110) orientation. The surfaces therefore contained crystalline imperfections in the form of (110) steps within the x-y plane with (111) orientation. These types of stepped surfaces can be obtained by cutting the crystal at a small angle of Figure 2 ) showed a reversible feature in the hydrogen region. This could be ascribed to adsorption/desorption of hydrogen at the top of the steps (indicated in Figure 1) , with all the other sites at the Pt surface behaving as terrace sites. 44, 45 According to the LJS model, 43 Step ) of Pt(hkl) stepped surfaces was evaluated according to:
Step ≃ H
Step,0 − H
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H
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where i denotes the Sn or Ru at steps, and H
Step,0 and H
Step, refer to the charge density of hydrogen desorption from (110) step sites on the clean stepped Pt surface and on the surface after its modification by deposition of Sn or Ru, respectively. This analysis of heteroatoms coverage did not consider the stoichiometry between heteroatoms attached on the surface and the Pt atoms at steps, i.e., the absolute coverage of heteroatoms.
However, in the case of Sn at (111) Pt terraces, Tillmann et al. 47 and Rizo et al.
38
estimated that each Sn atom blocks three Pt atoms at (111) terraces of the Pt surface.
The removal of either Sn or Ru from the modified Pt surfaces involved wetting the surface in concentrated nitric acid followed by heating in a butane/air flame until the small drop of nitric acid on the surface exploded, repeating the procedure about ten times, taking care to avoid the electrode becoming a red color in the flame. In the next step, blank voltammograms were recorded and CO stripping was performed after removal of the heteroatoms from the Pt surface. The CO stripping was compared to that before the deposition of heteroatoms, and any additional catalytic activity on the stepped Pt crystal surface (after removal of the heteroatoms) was detected. Further experiments involving new coverage of Sn or Ru were only performed after completing this careful procedure.
In spectro-electrochemical experiments, FTIR spectra were recorded in situ using a Nicolet 8700 spectrometer equipped with an MCT detector cooled with liquid N2. A thin layer configuration was achieved by pressing the face of the Pt crystal against a prismatic CaF2 (60 o ) optical window in a spectro-electrochemical cell. 48 Spectra were recorded from 0.060 to 0.800 V (at intervals of 50 mV), with each spectrum being the result of averaging 200 scans at a resolution of 8 cm -1 (requiring ~90 s for the acquisition of each spectrum). The spectra were presented in absorbance units:
where R0 is the reference single-beam reflectance spectrum recorded at either 0.800 V or 0.010 V, and Ri is the single-beam reflectance spectrum recorded at the sample potential.
Since it was desired to detect both adsorbed CO and dissolved CO2 in the thin layer, ppolarized radiation was employed, enabling the detection of IR-active species at both the electrode surface as well as in the thin layer, 48 in accordance with the surface selection rule.
49,50 Pt(554) and Pt(332) indicated that the orientation of the crystal surfaces was of high quality and that stability was maintained over several voltammetric cycles.
Results

Electrochemical Characterization of the Electrodes
As already shown, 51 in Figure 2 , the sharp reversible peaks at ~0.128 V were related to hydrogen desorption/adsorption (hydrogen underpotential deposition, Hupd) at Pt steps with (110) orientation. The broad current feature below it corresponded to the Hupd at For the unmodified Pt(332) surface in Figure 2A (or Figure 2B , black line), the charge density corresponding to the feature at ~0.128 V was ~27 μC cm -2 , equivalent to H
Step,0 . After blockage of (110) step sites by Sn, the charge at this feature decreased to ~22 μC cm -2 ( H Step,Sn ), corresponding to Sn
Step ≃ 0.18 ( Figure 2B , red line). For another Sn deposition, the Sn coverage obtained was Sn
Step ≃ 0.48 (blue line). Voltammetric profiles for the surfaces with greater Sn coverage are shown in Figure S1 . It can be seen that the presence of a higher coverage of Sn started to disturb the profiles of the voltammograms in the double layer region, with an oxidation peak at ~0.72 V and a reduction ranging from ~0.71 to ~0.67 V appearing in the voltammograms. Rizo et al.
38
reported that Sn at Pt presented an oxidation peak at potentials as low as ~0.5 VRHE.
Considerations similar to those described above for the Pt(332) surface can be extended to the Sn-modified Pt(554) surface ( Figure 2E ). steps are shown in Figure S1 for the Pt(332) and Pt(554) surfaces.
Site-Specific Catalytic Activity by Cyclic Voltammetry
The oxidative stripping of a CO adlayer on Snsteps/Pt(332) and Rusteps/Pt(332) is shown in Figure 3 for three coverages of Sn and Ru, as well as for an unmodified Pt (332) surface. The y-axis was intentionally cut for better visualization of details in the currentpotential curve for voltammetric CO stripping on the modified stepped Pt surfaces. The CO stripping at a Pt(332) surface in acid solution occurred in a narrow potential window, with a single peak at ~0.735 V. In Figures 3A , it can be seen that the onset potential for CO stripping at Snsteps/Pt(332) was shifted to lower potentials, with the development of multiple oxidation peaks. At least three CO oxidation peaks could be identified, designated 1, 2, and 3, occurring at ~0.424 V, ~0.60 V, and ~0.70 V, respectively. Peak 3 for Snsteps/Pt(332) with Sn
Step ≃ 0.18 ( Figure 3A , blue line) involves at least two processes (designated 3 and 3'). As can be observed in Figure 3A , the onset potential of CO adlayer oxidation strongly depended on the coverage of Sn at the (110) steps of the Pt(332) surface. In this sense, for Snsteps/Pt(332) catalyst with Sn
Step ≃ 0.18, the CO adlayer oxidation started at ~0.38 V ( Figure 3A , blue line), while for Snsteps/Pt(332) with
Sn
Step ≃ 1.0, the onset potential of CO oxidation decreased to ~0.27 V ( Figure 3A , olive line). For both Sn-modified and unmodified Pt(332) surfaces, the CO oxidation ended only at ~0.77 V. This means that in the case of Snsteps/Pt(332) with Sn
Step ≃ 1.0 ( Figure   3A , olive line), for which the onset potential of CO oxidation was ~0.27 V, there was a very wide potential window (∆E) of about 500 mV within which the Snsteps/Pt (332) catalyst was active toward the CO oxidation. In the case of the unmodified Pt(332), ∆E was only about 60 mV. It can be seen from Figure 3 that when Sn
Step was increased, the process responsible for the peaks marked as 3 (and 3') and 2 diminished, while that for the peak marked as 1 increased. The same trend in onset potential for the CO oxidation with Sn coverage was also observed by Rizo et al. 38 for Pt(111) modified with Sn. Further data for the CO oxidation on Snsteps/Pt(332) at various Sn
Step values are provided in Figure   S2 .
When Pt(332) was modified with Ru (Figures 3B), the CO oxidation started at a potential of ~0.50 V for all the Ru
Step . Even in the case of Rusteps/Pt(332) with Ru
Step ≃ 0.04, where only about 4% of the (110) steps of the Pt(332) surface were modified with Ru, the CO oxidation started at ~0.50 V. However, the feature at around ~0.5 V in the voltammogram only appeared as a pre-wave of CO electro-oxidation, and a significant reaction started at potentials above ~0.65 V. The increase in Ru
Step was accompanied by an abrupt increase in maximum current density at ~0.51 V. In general, the data shown in Figure 3B revealed that the presence of Ru at the steps of a Pt(332) surface induced a downshift in the onset potential for CO oxidation, with multiple peaks appearing in the voltammetric profile (peaks 1, 2, and 3 in Figure 3B ). The increase in Ru
Step caused a magnification of the process at ~0.51 V designated as 1, at the expense of the processes at ~0.6 and 0.7 V, designated as 2 and 3, respectively. Moreover, after the modification of Pt (332) with Ru, the potential window within which the Rusteps/Pt(332) surfaces presented catalytic activity was extended to ∆E ≃ 270 mV, with the CO oxidation starting at ~0.50 V and ending at ~0.77 V. It is noteworthy that when Ru
Step ≃ 1.0, the CO oxidation process responsible for peak 3 disappeared completely, as found previously.
However, in the case of Sn
Step ≃ 1.0, the process responsible for peak 3 (and peak 3') still remained, indicating that oxidation at the potential of peak 3 persisted even when all the (110) Pt steps were fully covered with Sn ( Figure 3A , olive line).
In the CO stripping experiments described above, the entire CO adlayer was stripped at once in a single potentiodynamic sweep and it was not possible to identify the types of sites that, when activated, were responsible for the features in the voltammogram.
To overcome this, experiments were performed in which a CO adlayer was oxidized partially, with selection of an appropriate upper potential limit that only allowed a small part of the CO adlayer to be oxidized in each potential cycling. After removal of this small fraction of the CO adlayer, the next potentiodynamic sweep (P.S.) was used to record the hydrogen region, whose evolution over several partial potentiodynamic sweeps could provide useful information about surface site release after progressive oxidation of the CO layer. The results are displayed for Snsteps/Pt(332) with Sn
Step ≃ 0.48 in Figure 4A and for Rusteps/Pt(332) with Ru
Step ≃ 0.56 in Figure 4B . As can be inferred from the second potentiodynamic sweep (blue line) in the hydrogen region, for the partial CO adlayer oxidation on each surface, in the first potentiodynamic sweep (red line), only those sites ascribed to the (111) terrace sites were released during CO adlayer oxidation. In the next potentiodynamic sweep, the (111) terrace sites continued to be released and the undercoordinated sites were only released when all the terrace sites had been freed. Since each potentiodynamic sweep corresponded to a value of CO coverage (θCO), the onset potential for oxidation of the remaining CO adlayer progressively increased as the CO coverage decreased (Figure 4 ), until the final remaining CO layer was oxidized. It could be assumed that CO at the top of the (110) Pt steps was oxidized at the highest potentials, which were ~0.727 V for the Snsteps/Pt(332) catalyst with Sn
Step ≃ 0. 48 showed that these active sites were not occupied by COads again after they had been released in the previous catalytic cycle. Indeed, if they had been occupied with COads from the remaining CO layer, this would be a direct consequence of the diffusion of COads during its oxidation, which would imply that all the onset potentials for oxidation of such a remaining CO layer should be at least similar. Actually, the pattern of the onset potential for CO oxidation (Figure 4 ) suggested that the CO molecules in the remaining CO layer behaved as immobile species.
The potential for CO oxidation at the top of the (110) Pt steps of a similar surface in a similar electrolyte (at a potential scan rate of 50 mV s -1 ) was found to be ~0.72 V. 54 Figures 5A and 5B show the potential peaks for CO oxidation at (110) steps of unmodified and modified Pt(332) with different Sn
Step and Ru
Step , respectively, when CO was only adsorbed at (110) step sites (decorated CO steps experiments). The decorated CO steps decorated were obtained by selective oxidative removal of a COads adlayer from the (111) terrace sites, as described previously for the Figure 4 Following description of the data shown in Figure 4 , a better interpretation can be provided of the data illustrated in Figure 3 . Hence, in terms of surface site assignation, the CO oxidation peaks designated as 1 and 2 in Figures 3A for the Snsteps/Pt(332)
catalysts could be solely attributed to the oxidation of CO involving the (111) Pt terrace sites. In the potential range at which peak 3 appeared, the process included a combination of oxidation of CO at the (110) steps and the (111) terraces. The partial stripping procedure employed for the acquisition of the data shown in Figure 4 enabled interpretation of the features in the voltammogram resulting from the contributions of different active sites, in terms of surface atoms orientation (such as (111) terrace and (110) step sites). A similar interpretation could be made for CO oxidation using the Rusteps/Pt(332) catalyst ( Figure 3B ). In all cases in Figure 4 , when the CO adlayer was partially oxidized, there was preferential CO oxidation at those sites ascribed to the (111)
Pt terraces, with CO oxidation at the (110) Pt steps only occurring when all the CO attached at the (111) terraces had been oxidized.
A detailed examination of the voltammetric profiles for CO oxidation on the Snsteps/Pt(hkl) and Rusteps/Pt(hkl) surfaces was performed by extracting the results from Figure 3 for very similar Sn and Ru coverage, considering Sn
Step ≃ 0.48 and ~1.0, and
Ru
Step ≃ 0.56 and ~1.0, as shown in Figure 6 . Direct comparison was made between the data shown in Figure 6A , and between the data in Figure 6B . The voltammetric profiles, in terms of catalytic activity, were dramatically different for the Snsteps/Pt(332) and Rusteps/Pt(332) surfaces with very similar
Step , with the main difference being related to the different potential windows (from ~0.24 V up to 0.77 V) within which the catalysts presented the greatest and the least catalytic activity. The data illustrated in Figure 6A showed that Sn was more efficient in decreasing the onset potential of CO oxidation on Snsteps/Pt(332), compared to Ru on the Rusteps/Pt(332) catalyst. However, compared with the Rusteps/Pt(332) catalyst, the complete oxidation of a CO adlayer on the Snsteps/Pt(332) catalyst required a higher potential limit. A similar interpretation can be applied for the data shown in Figure 6B . For the CO oxidation on Snsteps/Pt(332), a small part of the process designated as peak 3 persisted within the potential zone for CO oxidation on Pt(332), even when Sn
Step ≃ 1.0.
The results for evaluation of the catalytic activities of the Snsteps/Pt(554) and Rustep/Pt(554) catalysts are displayed in Figure 7 . Selection was made of Sn
Step ≃ 1.0 (black line) and Ru
Step ≃ 1.0 (red line). CO stripping at an adatom-free Pt(554) catalyst is also presented (blue line). The Snsteps/Pt(554) catalyst showed a lower onset potential for CO oxidation of ~0.4 V, but the reaction only significantly increased up to ~0.63 V and ended at ~0.77 V (∆E ≃ 370 mV). In the case of the Rusteps/Pt(554) catalyst, the CO oxidation only started at ~0.56 V, but the catalyst oxidized the entire CO layer in a very narrow potential window (∆E ≃ 70 mV), compared to the Snsteps/Pt(554) catalyst. The data for CO oxidation at Snsteps/Pt(554) with different Sn
Step values are displayed in Figure   S3 .
Spectro-Electrochemical Experiments
Spectro-electrochemical experiments were performed in order to obtain further information concerning the catalytic activities of the modified stepped Pt surfaces. Firstly, the results obtained for the Pt(332) catalyst were compared with those for an unmodified Pt(332) surface, published previously by us. 41 Figure 8 shows spectra corresponding to the oxidative stripping of a CO adlayer on the Snsteps/Pt(332) catalyst with Sn
Step ≃ 0.65.
The spectra in Figure 8B were obtained employing a reference spectrum collected at 0.80 V (when the entire CO at the surface was oxidized), while for those in Figure 8A , a reference spectrum at 0.10 V was employed when CO2 was absent. In Figure 8B , two frequency bands could be attributed to the adsorbed CO. At 0.15 V (red line), a band centered at ~2065 cm -1 was due to the combined vibrations of linearly bonded CO at (111) terraces of Pt, as well as CO at the (110) step sites free of Sn. Since ~65% of the (110) steps was occupied by Sn, it is reasonable to assume that the remainder of the (110) Figure 8A , the band centered at ~2343 cm -1 was due to the stretching frequencies of CO2 dissolved in the thin layer, which appeared at ~0.30 V, the onset potential for CO oxidation on the Snsteps/Pt(332) catalyst with Sn
Step ≃ 0.65, while for the Pt(332) catalyst, the onset potential for CO oxidation was ~0.5 VRHE. 41 At ~0.55 V, the band frequencies of linearly bonded CO are shifted from 2065 to ~2042 cm -1 ( Figure 8B ). The band frequencies at ~0.50 V are characteristic of CO adsorbed at the top of the step sites in acidic solution. 41 At a lower potential (0.15 V), the band frequencies of CO adsorbed at step sites should appear at ~2020 cm -1 (with dυCO
The CO adsorbed at terrace sites presents a higher singleton frequency, compared to that at step sites. In the case of co-adsorption of CO at steps and terraces, the band frequencies of CO at terraces predominate, due to a shift of intensity to higher frequencies, at the expense of that at lower frequencies (due to the dipole-dipole coupling effect). 58 The data illustrated in Figure 8B reveal that the oxidation of CO at the top of the (110) steps of a Snsteps/Pt(332) surface occurs at a higher potential (presumably, these were the last adsorbed molecules to be oxidized). This finding supports the results shown in Figure 4 for partial stripping of CO on a Snsteps/Pt(332) catalyst with Sn
Step ≃ 0.48, by using cyclic voltammetry.
When a CO adlayer was deposited and then oxidized on the Rusteps/Pt(332) catalyst with Ru
Step ≃ 0.69, at 0.15 V (Figure 9B ), the spectrum exhibited a pair of band frequencies centered at ~2064 cm -1 and at ~1836 cm -1 (poorly defined band intensity), related to the frequencies of linearly and bridge bonded CO, respectively. The band frequencies of linearly bonded CO at 0.15 V were similar to those observed for Pt(332), described above. 41 It should be noted that the spectra were obtained using a reference spectrum recorded at 0.80 V, while those in Figure 9A were calculated employing a reference spectrum collected at 0.10 V (when CO2 was absent). The Stark tuning effect cm -1 at 0.55 V, characteristic of CO adsorbed at the (110) steps. 41 As mentioned above, CO adsorbed at the (110) step sites on a Rusteps/Pt(332) catalyst with Ru
Step ≃ 0.69 is only oxidized at the highest potential, in agreement with the cyclic voltammetry data in Figure   4 , with CO adsorbed on those sites ascribed as the (111) terraces presumably being oxidized first, followed by the CO population at the top of the (110) steps.
Discussion
The catalytic properties of site-specific Pt on Snsteps/Pt(hkl) and Rusteps/Pt(hkl)
hetero-bimetallic surfaces could be successfully studied by employing the oxidative stripping of the CO adlayer as a surface probe reaction. Depending on parameters such as the crystallographic orientation of the Pt sites, the width of the (111) terraces of the stepped Pt surface, and coverage of modifying atoms (Sn and Ru), different catalytic properties of Pt sites were found on the hetero-bimetallic surfaces, with similarities and dissimilarities, as detailed below.
Site Selective Electro-deposition of Sn and Ru at Stepped Pt Surfaces
The voltammetric profiles obtained for the stepped Pt surfaces modified with either It was shown that in addition to these structures, there was coexistence of additional bilayers for θRu ≃ 0.94 ML. 59 The Ru electrodeposition data shown in Figure 2 are consistent with the results of Carbonio et al., 59 with the initial stage of Ru attachment at Pt stepped surfaces blocking the feature in the voltammogram related to the hydrogen adsorption/desorption at step sites. To our knowledge, there have been no similar studies involving the deposition of Sn at Pt stepped surfaces.
Catalytic Activity at Different Pt Sites on Snsteps/Pt(hkl) and Rusteps/Pt(hkl) Bimetallic Surfaces
For both types of Snsteps/Pt(hkl) and Rusteps/Pt(hkl) hetero-bimetallic surfaces, the catalytic activities at sites on the (111) Pt terraces were improved by the presence of Sn or Ru at the Pt steps, as evidenced from the data shown in Figures 4, 8 , and 9. In experiments with surfaces modified using Sn or Ru at
Step < 1, where step sites without deposited Sn or Ru were presumably available for the adsorption of CO, the results
(
Figure 5B) indicated that Ru did not affect the catalytic activity at the (110) step sites.
We previously found that this was true for different coverage of Ru at steps ( Ru Step ) of a Pt(554) surface. 41 However, in the case of the Snsteps/Pt(hkl) surface with
Step < 1, the results ( Figure 5A ) showed that the catalytic activity of the (110) 
Abilities of Sn and Ru in Site-Specific Tailoring of Catalytic Activity in the Host Pt
Firstly, it is important to highlight that at the macroscopic scale, Sn seems to be completely inert towards CO adsorption, 37,40,47 while CO adsorbs strongly on bulk Ru. surfaces. This can be evaluated using stepped Pt surfaces with different width (111) terraces, and the Pt(554) and Pt(332) surfaces were used in the present work for this purpose. Figure 7 shows the results for oxidation of CO adlayers on Pt(554) surfaces modified with Sn and Ru, where the surfaces of the (111) terraces were 9 atoms wide. For the Snsteps/Pt(554) surface with Sn
Step ≃ 1.0, the fact that the CO electro-oxidation started at ~0.4 V and ended at ~0.76 V indicated that the catalyst presented a highly heterogeneous "distribution" of activity at sites along the (111) terraces. In other words, the sites were activated in a wide potential window of ∆E ≃ 360 mV on a Snsteps/Pt (554) surface with Sn
Step ≃ 1.0. Since Sn
Step ≃ 1.0, there were no Pt (110) step sites free for the adsorption of CO, because all the step sites contained deposited Sn. Therefore, all the Pt sites available for the adsorption/oxidation of CO lay along the (111) terraces. Hence, the small CO oxidation peak that appeared at around 0.5 V (details in Figure 7A ') was probably due to the oxidation of CO at the (111) terrace sites. The Sn present on the Snsteps/Pt(554) surface was able to lower the onset potential of CO oxidation, but had little ability to promote any catalytic activity along the (111) terraces, because the rate of CO oxidation at (111) terraces only increased significantly at potentials above ~0.63 V (Figure 7 , black line), reaching a maximum at ~0.72 V. On the other hand, the presence of Ru on the Rusteps/Pt(554) surface with Ru
Step ≃ 1.0 ( Figure 7 , red line) made all the sites along the (111) terraces highly catalytically active at a potential lower than 0.63 V.
Furthermore, for the Rusteps/Pt(554) bimetallic surface, all the CO molecules were oxidized within a narrow potential window (∆E ≃ 70 mV), with a maximum at ~0.59 V.
Therefore, there was a highly homogeneous "distribution" of catalytic activity at the (111) terraces of a Rusteps/Pt(554) hetero-bimetallic surface with Ru
Step ≃ 1.0, in contrast to the behavior observed for CO oxidation on the Snsteps/Pt(554) surface with Sn
When a similar analysis was performed for the Snsteps/Pt(332) catalyst, it was clear that reduction of the width of the (111) terrace to 5 atoms resulted in a significantly higher reaction rate (current density) for CO electro-oxidation at around 0.4 V (peak 1 in Figure 6A -black line). However, even for a Snsteps/Pt(332) surface with Sn
Step ≃ 1.0 (when all the (110) Pt steps were covered with deposited Sn), an appreciable current feature due to the CO oxidation at around 0.72 V (peak 3 in Figure 6B -black line) still persisted, even at this high electrode potential. The process of CO stripping at ~0.72 V on the Snsteps/Pt(332) surface with Sn
Step ≃ 1.0 can be unequivocally attributed to CO oxidation on the (111) terrace sites, because under this condition of Sn coverage, only the (111) Pt terrace sites were available for CO adsorption at the Sn-modified surface. Even at the Snsteps/Pt(332) surface with Sn
Step ≃ 1.0, there were (111) Pt terrace sites that were not activated at the threshold potential for CO oxidation (starting at around ~0.27 V), requiring an elevated overpotential to become active. Therefore, the existence of CO oxidation at ~0.72 V at the (111) terraces of a Snsteps/Pt(332) surface with Sn
Step ≃ 1.0 indicated that there must have been a portion of the (111) terrace sites where the behavior was not affected by the presence of Sn at the step sites. This was despite the fact that a portion of the sites at (111) Pt terraces (probably at terraces atomic row adjacent to the steps) became catalytically active at an extremely low potential (~0.27 V). In this regard, the presence of Sn in Snsteps/Pt(332) surface, for example with Sn
Step ≃ 0.48, resulted in a reduction to ~0.30 V of the onset potential for CO oxidation at the first row of atoms at the (111) steps ( Figure 3A) , while the CO oxidation at (110) Pt steps of the same catalyst presented a maximum at ~0.733 V ( Figure 5A ). This confirmed that the presence of Sn at the Pt surface led to a large difference (in terms of the difference in overpotential, ∆η ≃ 500 mV) in the catalytic activity of the atoms at the bottom side of the steps, compared to the catalytic activity at the top side of the step sites at a same catalyst surface (see the illustration in the Graphical Abstract). This evidences that the catalytic activity at the bottom side of the steps was significantly improved, while the activity at the top side of the steps was slightly inhibited. Therefore, despite the strong contribution of Sn to enhancement of the catalytic activity along the (111) terraces, the promoting effect only seemed to reach the first rows of atoms at the (111) terraces, presumably only affecting those atoms at terraces close to the steps where Sn was deposited. This suggests that the catalytic promotion effect of Sn acted over a very short distance, compared to the effect of Ru along the (111) terraces of a Pt stepped surface. Hence, from comparison of the catalytic activities of the Snsteps/Pt(332) and Rusteps/Pt(332) catalysts at similar
Step (data in panels A and B of Figure 6 ), it is clear that the catalytic effect of Sn was stronger at low potentials, relative to the effect of Ru. Therefore, both Sn and Ru strongly influenced the catalytic activity along the (111) terraces of a stepped Pt surface, but showed different underlying mechanisms in terms of balancing the activity at the Pt sites.
The difference in the ways that Sn and Ru acted in catalytic promotion along the (111) terraces of a stepped Pt surface was probably due to different electronic interactions of Sn and Ru at the Pt sites. However, no differences in the stretching frequencies of CO (υCO i ) were detected among Snsteps/Pt(332), Rusteps/Pt(332), and Pt(332), suggesting that the effects of Sn and Ru might occur in a CO electro-oxidation reaction step involving water activation/dissociation that was not identified from the results of the voltammetric and FTIR analyses.
Consideration on the Mechanism of Electro-Oxidation of a CO Adlayer
As shown in Figure 4 , oxidation of the partial CO adlayer occurred with a progressive increase in the onset potential for CO oxidation along the (111) Pt terraces, consistent with the hypothesis that after the most active sites were released, they did not become occupied by COads from the remaining CO layer. The absence of reoccupation of these most active sites, even when they were probably available, suggested either that
COads behaved as an immobile species during its oxidation, or that the surface mobility of COads during its electro-oxidation was too slow, considering the time scale of these experiments. Consequently, as shown in Figure 4 , there was a relationship between the progressive increase in onset potential for oxidation of the remaining CO adlayer and the decrease in the remaining CO adlayer coverage, indicating that the process was governed by site activation, with the existence of catalytically active sites being dependent on the electrode potential. Therefore, the electro-oxidation of the CO adlayer was likely to start at the sites along the first row of atoms at the (111) Pt terrace sites, continuing with the involvement of sites along the (111) Pt terraces, even away from the modifying atoms (Sn and Ru), and ending with those CO molecules attached at the top of the Pt steps.
Supporting this, it has been found previously that under electrochemical conditions, adsorbed CO forms nano-islands at the (111) terraces of Pt single crystals, 61, 62 as well as at polycrystalline Pt surfaces, 63 with the oxidation of adsorbed CO starting at the edges of these nano-islands. 62 Considering further the apparent immobility of CO during its oxidation, it should be highlighted that CO binds more strongly at low coordination sites than at close-packed domains, 64, 65 and that the electro-oxidation of CO, coincidently, starts at sites where CO is more weakly bonded, probably involving sites at (111) terraces of the atomic row adjacent to the steps. 66 Additional evidence to rule out the hypothesis of movement of
COads from other Pt domains to sites at the first row of atoms on (111) terraces is that the stabilization of CO at these sites was favored when the electrode was more negatively charged. 54 Hence, at potentials at which the oxidation of a full CO adlayer occurred (higher than ~0.27 V, as shown in Figures 3, 8, and 9 Evidently, this raises another important problem, which is the mechanism responsible for supplying oxygen-containing species close to the COads during its
oxidation. An interpretation was suggested by Lee et al., 16 who studied oxidative CO stripping on Pt nanoparticles modified with RuOxHy. As previously suggested by
Massong et al. 37 and Bergelin et al. 69 , it was proposed that at high CO coverage, the oxidation of a compressed CO adlayer started at potentials around 0.5 VRHE, following an Eley-Rideal mechanism (with COads as an adsorbed species and H2Oactivated as a nonadsorbed species), with a Langmuir-Hinshelwood mechanism (involving OHads and COads) only becoming predominant at higher potentials. 16 In order to verify this hypothesis, CO stripping experiments were performed using a Rusteps/Pt(hkl) surface with
Ru
Step ≃ 0.56 in solutions modified with addition of different amounts of sodium chloride ( Figure S4 ). The potential for CO stripping as a whole (including electro-oxidation of CO at steps) shifted to positive values, suggesting that the supply of oxygen-containing species was affected by the presence of chloride in the solution. This indicated that the reaction proceeded according to a Langmuir-Hinshelwood mechanism, rather than an an open question, as does the mechanism of transport of such species to COads at specific sites on the catalyst surface.
Conclusions
This work provides unambiguous information necessary for the design of highly active sites on Sn/Pt(hkl) and Ru/Pt(hkl) bimetallic catalysts. In Snsteps/Pt(hkl) and Rusteps/Pt(hkl) catalysts, we found that Sn and Ru act to non-uniformly balance the catalytic activity of all the Pt sites, having the following specificity: ii. Despite the lower onset potential for CO electro-oxidation on the Snsteps/Pt(hkl)
catalyst, compared to the Rusteps/Pt(hkl) catalyst, Sn only appeared to benefit catalytic activity at sites in the first rows of atoms at (111) Pt terraces close to the steps, while the enhancement due to Ru extended further along the (111) terrace sites. Therefore, Sn and Ru enhanced the catalytic activity according to different underlying mechanisms that were dependent on the proximity and orientation of the Pt sites.
iii. We propose that the initiation of oxidation of a CO adlayer on either Snsteps/Pt(hkl)
or Rusteps/Pt(hkl) bimetallic surfaces involves Pt sites located at terrace atomic rows adjacent to the steps. The process continues along the (111) Pt terrace sites and ends with the involvement of sites at the (110) Pt steps. In this model, the entire process is controlled by the activation of the sites, rather than by the diffusion of COads (during its oxidation) from other Pt sites towards the most active sites, which implies failure of the classical bifunctional mean-field mechanism as a model of catalytic promotion in oxidative CO stripping on these bimetallic catalysts. Therefore, the key step is the transport of oxygen-containing species to COads, rather than diffusion of COads to sites occupied by oxygen-containing species.
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